Three different types of pyranometers (two of each) are tested and evaluated.
Introduction
Several components of the U.S. effort in the World Ocean Circulation Experiment (WOCE) will require observations of air-sea radiation fluxes from both ships and buoys. A group at Woods Hole Oceanographic Institution (WHOI) is developing and testing instrumentation to provide Improved Meteorological measurements (IMET) to meet the requirements of these WOCE components. Here we report on the performance of pyranometers.
Pyranometers are sensors that measure total (global) sun and sky radiation when installed facing up in a horizontal plane tangent to the earth's surface. The
World Meteorological Organization (WMO, 1965) defines three classes of pyranometers on the basis of their accuracy and overall system performance. The bases for the classification are given in Table 1 . First class pyranometers display the greatest accuracy while third class pyranometers display the least.
A maximum error of 10 wm-2 is sought for daily averaged incident solar irradiance. This includes measurement errors due to the sensor, contamination by sea salt and/or sea spray, and platform motions (Katsaros and DeVault, 1986) .
Description of Sensors
Three different types of pyranometers (two of each) are examined. The Eppley Precision Spectral Pyranometer (PSP) meets the criteria for a first class pyranometer and is the operational standard for solar radiation measurements in the United States (Houghton, 1985) . The PSP is commonly used as a secondary standard to calibrate second and third class pyranometers (e.g., Aceves-Navarro et al., 1988) .
The sensor is a circular, plated (copper-constantan) wire-wound multi-junction thermopile which is temperature compensated to render the response independent of ambient temperature. The receiver is coated with Parson's black lacquer and covered with two concentric clear Schott WG 7 optical glass domes which are transparent for wavelengths between 0.285 to 2.8 microns.
The Eppley Black and White Pyranometer meets the WMO (1965) criteria for a second class pyranometer. The insolation detector is a differential wire-wound thermopile made by electroplating copper on to constantan. The hot-junction receivers are coated with 3M Black Velvet and the cold-junction receivers are whitened with barium sulfate. A single Schott WG 7 optical glass dome is used to protect the sensor.
The Hollis MR-5 is a silicon photovoltaic solar cell that meets the criteria for a third class pyranometer. This type of pyranometer was first developed at Bell Laboratories in 1954 (Coulson, 1975) as a simple and inexpensive alternative for measuring solar radiation. An advantage is the nearly instantaneous time response of approximately 10 microseconds. Although the absolute accuracy may not be very high, this type of pyranometer may be adequate for integrating over periods of a day or longer. Kerr et al. (1967) have obtained measurements with a photovoltaic solar cell over a period of several months (one day integration periods) that yielded standard errors of up to ±3.8% when compared to an Eppley pyranometer.
The inaccuracies of photovoltaic solar cells are due to the characteristics of the sensor itself. The relative spectral response of the sensor does not extend uniformly over the full incoming solar radiation spectrum. The response is negligibly small at wavelengths shorter than 0.4 microns and longer than 1.1 microns with a relatively sharp maximum at 0.85 microns (Coulson, 1975) . Also the response deviates from the ideal cosine law with the angle of incident radiation.
The MR-5 is calibrated at the factory against a thermal response pyranometer. This sensor does not have an optical glass dome. Table 2 contains a summary of the manufacturer specifications for these pyranometers.
Data
The pyranometers are located on roof top on the Smith Building in Woods Hole and have an unobstructed view of the sky. These pyranometers are leveled to the same height on a platform (Figure 1 ). The signal outputs are amplified and then digitized by a Metrabyte 12 bit analog-to-digital board internal to a NEC APC-IV computer. Data are sampled once per second and are recorded as 7.5 minute block averages. The pyranometer calibration coefficients and gain amplifications are listed in Table 3 .
Analysis
Approximately three months of data are grouped into weekly data sets and all After FASINEX (Stage and Weller, 1985; , five buoys, each with an Eppley 8-48 pyranometer measured daily total insolation to within 3 percent of each other when deployed in a post-experiment intercalibration (Weller et al., 1990) . Pre-and post-deployment (over a ten month period) factory calibrations also agree to within E . 
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